We review the status of radiative corrections to SUSY processes. We present the method of the on-shell renormalization for the sfermion and the chargino/neutralino system and work out the appropriate renormalization conditions. In particular, we discuss slepton, squark, chargino and neutralino production in e + e − collisions and the two-body decays of sfermions and of Higgs bosons into SUSY particles. It is necessary to take into account radiative corrections in the precision studies possible at a future linear e + e − collider.
Introduction
Why should we bother about radiative corrections to processes with supersymmetric (SUSY) particles when no SUSY particle has been found yet? Clearly, one expects that the next generation of high energy physics experiments at Tevatron, LHC, and at a future linear e + e − collider will discover supersymmetric particles. But it is also obvious that precision studies are needed in order to single out the right supersymmetric model and to reconstruct its fundamental parameters. In particular, at a linear e + e − collider it will be possible to perform measurements with high precision. For instance, at TESLA [1] the precision of the mass determination of charginos or neutralinos will be ∆mχ±,0 = 0.1 − 1 GeV and of sleptons (sneutrinos) ∆ml ,ν = 0.05−3 GeV. To match this accuracy, it is inevitable to include higher order corrections. Moreover, in some cases these corrections can be very large. In the following we will discuss SUSY particle production in e + e − colliders and SUSY particle decays within the Minimal Supersymmetric Standard Model (MSSM): 
with H m = {h 0 , H 0 , A 0 , H ± }.f i (with i = 1, 2) are the mass eigenstates of the sfermions. For calculating higher order corrections, one has to employ appropriate renormalization conditions, or equivalently, one has to fix the counter terms for the SUSY parameters. We will discuss these fixings in the on-shell scheme. This method should of course preserve the symmetries (supersymmetry and gauge symmetry) and, if possible, should be process independent and lead to numerically stable results. We will take in the following the point of view of a practitioner, referring for a general discussion on the renormalization of the MSSM using an algebraic method to [2] .
General Method
We start from the Lagrangian of the MSSM with its gauge-fixing and ghost part, without writing it explicitly:
We get the renormalized Lagrangian by transforming all fields by
δZ i )φ i and all parameters, such as couplings, by
where L ren has the same form as L, and δL is the counter term part which renders L ren finite. δL contains all counter terms to the parameters which have to be fixed appropriately. We will use here the DR (dimensional reduction) scheme [3] with the dimension n = 4 − rǫ, r = 0. It conserves supersymmetry at least up to one-loop. As already mentioned, we employ the on-shell scheme with the particle masses as pole masses and the parameters determined on-shell. As a consequence, there is no scale dependence. We also use the R ξ gauge [4] .
Mixing angle of sfermions
The SUSY partnersf L ,f R to the fermion f mix with each other due to the SU(2)×U(1) breaking. The mass eigenstatesf i , i = 1, 2 arẽ
with R = cos θf sin θf − sin θf cos θf . The mixing angle θf is a measurable quantity.
The corresponding potential V at tree-level is
It is renormalized byf
First we observe that due to the unitarity of R 0 and R, δr is antihermitian, δr = −δr † . On the other hand, one can decompose the wave-function renormalization counter term into a hermitian and antihermitian part:
It is therefore natural to fix δr such that it cancels the antihermitian part of δZ, i.e.
Here Σ 12 are the non-diagonal self-energies off i . This is a process independent fixing nowadays conventionally used [5, 6] . This fixing is, however, in general gauge dependent. It was shown in [7] that this gauge dependence can be avoided or, equivalently the result in the ξ = 1 gauge can be regarded as the gauge independent one. The mixing angle α in the h 0 -H 0 system can be treated in a similar way as above, leading to the counter term
where the index 1 is for h 0 and 2 for H 0 .
Renormalization of the chargino mass matrix
Here we closely follow the method outlined in [8] .
In the MSSM the chargino mass at tree-level is given by
It is diagonalized by the two real (2 × 2) matrices U and V :
with mχ+ 
Then we renormalize by performing the shifts
Zχ + L,R are the wave-function renormalization constants. Proceeding as before and demanding that the counter terms δU and δV cancel the antisymmetric parts of the wave-function corrections, we get the fixing conditions
Zχ + L,R are given by (i = j):
is obtained by replacing L ↔ R in Eq. (15) . Here m i = mχ+ i . The mass shifts δm i are given by
The Π ij 's are self-energies according to the decomposition of the two-point function of the charginoχ (17) where the hat denotes the renormalized quantities. Finally, the shift of the mass matrix δX follows from δX = δ U T M D V :
with Π
Renormalization of M and µ: In principle, one can fix M and µ by the chargino or the neutralino sector. We choose the chargino sector, that is
Renormalization of the neutralino mass matrix
The neutralino mass matrix at tree-level has the following well-known form in the interaction (bino-wino-higgsino) basis:
Since we assume CP conservation this matrix is real and symmetric. It is diagonalized by the real matrix N.
In analogy to the chargino case, the shift of N is
Note that δZχ 0 L = δZχ 0 R due to the Majorana nature. The renormalization of M ′ is fixed by
where ǫ j is the sign of mχ0 j .
Chargino/neutralino mass matrix at one-loop
In the (scale dependent) DR scheme the chargino/neutralino mass matrix at one-loop level was already calculated some time ago in [9] . Here we calculate it in the on-shell scheme.
Let us begin with the chargino mass matrix. One has to distinguish between three types of the mass matrix: X 0 is the 'bare' mass matrix (or DR running tree-level matrix), X tree is the tree-level mass matrix Eq. (12) in terms of the on-shell input parameters M, µ, m W , tan β, and X is the one-loop corrected mass matrix. We then have the relations, on the one hand,
where δ p means the variation of the parameters, and on the other hand,
By eliminating X 0 , one then gets
where ∆X is a finite shift. We have already fixed M and µ. m W is fixed at the physical (pole) W-mass. Concerning tan β, we follow the on-shell fixing condition by [10, 11] Im
is the renormalized self-energy for the mixing of the pseudoscalar Higgs boson A 0 and the Z boson. This leads to the counter term
The gauge dependence of the fixing of tan β and other fixing conditions are discussed in [12] as well as in the parallel sessions.
One obtains for the one-loop corrections ∆X
For the one-loop corrected neutralino mass matrix Y , we have analogously (20) and (27) . This would then imply corrections in the chargino sector ∆X 11 and ∆X 22 different from zero.
By diagonalizing X and Y , one gets the one-loop corrected chargino and neutralino masses.
In practice, the chargino masses mχ+ 1,2 may be known from experiment (e.g. from a threshold scan). Then one first calculates the tree-level parameters M tree and µ tree from X tree (together with information on chargino couplings to get a unique result). Then one calculates δX ij by Eq. (18) with U and V as the tree-level matrices and then uses Eq. (26) to obtain ∆X ij . The error that one starts from M tree and µ tree is of higher order. One proceeds in an analogous way in the neutralino sector. So far we have treated M ′ as an independent parameter. The situation is different if there is an intrinsic relation between M ′ and M as, for instance, in SU(5) GUT models,
tan 2 θ W M with M ′ and M as DR parameters. If the same relation should hold for the on-shell parameters, one has
instead of zero as in Eq. (28) . The effect is shown in Fig. 1 . and MQ are soft breaking parameters of the first and third squark generation, respectively, and A is the trilinear soft breaking parameter.) It can be seen that the difference between the case where the GUT relation is assumed also for the on-shell M ′ and M and the case where M ′ is an independent parameter (∆Y 11 = 0) with the value 0.498 (as it would have by the GUT relation) is substantial. By the way, Eq. (29) would also be valid in the anomalously mediated SUSY breaking model [13, 14] where M ′ = 11 tan 2 θ W M. In conclusion, the method developed here is well suited for extracting and studying the fundamental SUSY parameters M, M ′ , µ, etc. at higher order.
3 Other on-shell methods of renormalizing the chargino/neutralino system A different method for the on-shell renormalization of the chargino and neutralino system was presented in [15] . The same method was also used in [16, 17, 18, 21] . Concerning the charginos, the input parameters are as before the physical chargino masses mχ+ 1 and mχ+
2
. The parameters M and µ are calculated from the tree-level form of the mass matrix, Eq. (12), by diagonalization, Eq. (13). The on-shell condition is that the renormalized two-point function matrixΓ (2) ij get diagonal for on-shell external momenta, i.e.
for
. This fixes the non-diagonal elements of the field-renormalization matrix. Its diagonal elements are determined by normalizing the residues of the propagators. These conditions then fix δM and δµ, but they are different from the expressions Eqs. (19) . In the neutralino sector, one has the additional parameter M ′ which is fixed together with its counter term δM ′ by a neutralino mass, say mχ0 
is the renormalized two-point vertex function andΣ is the renormalized selfenergy. It should be clear from above that the parameters M, M ′ , and µ derived by this method are different from those in section 2.2 and 2.3, and in [8] , and of course also from those in the DR scheme [9] . They are "effective" parameters. However, the observables (crosssection, branching ratios, particle masses, . . . ) are the same in both methods.
One-loop corrections to SUSY processes
Let us start with a discussion of chargino production
Using the purely on-shell renormalization scheme described above in section 3, the full one-loop corrections to this process (including polarized beams) were calculated in [18] . This calculation is extremely cumbersome as one has to compute a large number of graphs (self-energy graphs, vertex corrections, box graphs) with all the particles of the MSSM running in the loops. A further subtlety is due to the contributions with virtual photons attached to two external charged particles. To obtain an infrared finite result, real photon bremsstrahlung from the external particles has to be taken into account. Without the virtual photons the result would not be UV finite. They are required to cancel the divergence coming from the photino component of the virtual neutralinos. A complete one-loop calculation for chargino production in e + e − annihilation was also performed in [19] . However, the renormalization scheme is different. For the charginos as external particles the subtractions are made on-shell. The masses of all particles are also taken to be physical, but all other parameters (as couplings) are considered to be in the DR scheme at the scale m Z . In [19] the one-loop corrections to the chargino production helicity amplitudes (with polarized beams) are calculated. However, pure QED corrections involving loops of photons were omitted. is shown as a function of cos θ for various benchmark scenarios [20] . σ −+ L is the cross-section for producing a negative helicity chargino and a positive helicity antichargino with a left-handed electron. Shown are the tree-level cross-sections and the one-loop corrected ones. The corrections can be very large (> 50%), especially if the cross-section is low. The other processes for which full one-loop corrections were calculated [21] are
with polarized e + and e − beams. Especially for e + e − →ẽ +ẽ− the calculation is rather complex because of the neutralino exchanges in the t-channel. One has to renormalize the neutralino sector. Fig. 4a shows the √ s dependence of the full electroweak corrections (σ − σ Born )/σ Born for
The input values correspond to the SP1 scenario [22] , with the mSUGRA point m 0 = 100 GeV, M 1/2 = 250 GeV, A 0 = −100 GeV, tan β = 10, µ > 0. The "universal" initial state radiation (ISR) has been subtracted. However, the process dependent QED corrections are included. For illustration, also the contributions from various subsets of diagrams are shown. One can see that the (s)lepton loops and (s)quark loops do not account for the whole effect. This means that the gauge boson, Higgs boson, gaugino and higgsino exchanges are important. In total, the corrections are ≤ |10|%. Fig. 4b shows the corresponding electroweak correction as a function of √ s for for √ s = 400 GeV [21] . Input parameters correspond to the SPS1 scenario.
In Fig. 5 the dependence of the one-loop corrections is exhibited as a function of the soft breaking parameter MQ = mq L = mũ R = md R .
(The other parameters are as in the SPS1 scenario.) Fig. 5a shows the behaviour forμ + Rμ − R production at √ s = 500 GeV. One sees that for large MQ the correction reach an asymptotic value being an indication for the decoupling of the squarks. In contrast, Fig. 5b shows the corresponding MQ-dependence forẽ − Rẽ − R production at √ s = 400 GeV. In this case, the size of the radiative corrections increases with MQ showing no decoupling. This is due to the so-called superoblique corrections [23] . These stem from squark-quark loops in neutralino self-energies. For the squark pair production process e + e − →q iqj , with j = 1, 2 ;q =t,b
only the SUSY-QCD corrections [24] and the Yukawa corrections due to quark and squark loops have been calculated [6] . Whereas the QCD corrections are typically 15-20%, the Yukawa corrections are < |10%| of the tree-level cross-section. Very recently, the next-to-leading SUSY-QCD corrections have been calculated [25] for
where q denotes a light quark, and the squarks have no mixing. By comparing these reactions the equality of theg, theqq g, and the Yukawa coupling qqg in the supersymmetric limit (mq = m q , mg = m g = 0) can be tested.
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Decays of supersymmetric particles
The SUSY-QCD corrections to the decays
were already calculated some time ago [26] . The full electroweak corrections were computed recently in [16] . Although the QCD corrections are usually dominant, the electroweak corrections can be of the same size in certain regions of the parameter space. The decays of a squark into a quark and gluino, and of a gluino into a squark and quark
were calculated including one-loop SUSY-QCD corrections in [27] . The corrections can go up to 50%. The Yukawa corrections up to O(α ew m 2 q /m W ) tot 2 → tg andg →tt 1 + c.c. were calculated in [28] . They reach values of ∼ 10%. The SUSY-QCD corrections to the decays
were computed in [29] . The squark decays into Higgs bosons
including SUSY-QCD corrections have been treated in [30, 31] . For the Higgs boson decays into squarks
these corrections were calculated in [30, 32] . In the on-shell scheme, they can become very large for large tan β (as in the case of H l → qq), making the perturbation expansion quite
unreliable. An improvement of the perturbation calculation was proposed in [33] . This is achieved by using the SUSY-QCD running quark mass m q (Q) MSSM and the running trilinear coupling A q (Q) in the tree-level coupling. However, the mixing angle θq is kept on-shell in order to cancel theq 1 −q 2 mixing squark wave-function correction. The one-loop corrected decay widths for
were calculated in [34] taking into account all fermion and sfermion loop contributions. The neutralino mass matrix was renormalized as described in section 2.4.
-600 -300 0 300 600 were treated in the same approximation in [35] .
Conclusions
Precision experiments which will be possible at a future linear e + e − collider will require equally precise theoretical calculations of cross-sections, decay branching ratios and other observables, including higher order corrections. For doing such calculations, we have presented the on-shell renormalization of the sfermion and chargino/neutralino system in the MSSM. We have worked out the appropriate renormalization conditions, especially for the mixing matrices. We have discussed the calculations of one-loop corrections to various SUSY processes: sfermion and chargino/neutralino production in e + e − -annihilation, the two-body decays of sfermions and the decays of Higgs bosons into SUSY particles. In a few cases the full electroweak corrections have already been calculated. They clearly show that taking only a subset of diagrams, for instance, only (s)top/(s)bottom loops, is not sufficient. The electroweak corrections are typically between 5 and 15%, but can go up to larger values for certain parameters. Although the QCD corrections are usually the largest ones, the electroweak corrections can be of the same size in certain cases.
